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A B S T R A C T
Due to the increasing demand on pearlitic rails to support heavier loads and higher speeds, grooved rails for
tramways and light rail transit (LRT) require strengthening via alloying or heat treatment, i.e. accelerated
cooling after hot-rolling. In this study, the wear performance of five different commercial grades is compared
using unlubricated twin-disc testing and detailed microstructural characterisation. Results indicate that the
vanadium-alloyed steel experiences less than half the wear rate of a heat-treated grade with a similar hardness.
This is attributed to the increased stability and toughness of vanadium-containing cementite, as compared to
pure cementite. The evidence suggests that vanadium partitions into the cementite lamellae during the forma-
tion of pearlite. This improvement in wear resistance due to vanadium could enable an approximately two-fold
reduction in the maintenance and life cycle costs relative to heat-treated rail alternatives.
1. Introduction
The demand to subject rails to higher speeds, greater traffic den-
sities, heavier loads, and mixed traffic enhances damage, mainly in the
form of wear (loss of rail profile), plastic deformation, corrugation, and
rolling-contact fatigue cracking [1]. However, in the case of tramways
and light rail transit, the most prominent damage mechanism is wear
due to the dense traffic, frequent braking and acceleration of vehicles,
sharp turns, and variable loads. A traditional approach to increase the
wear resistance is the refinement of the interlamellar spacing of pearlite
[2,3], either through alloying or accelerated cooling after rolling, in
order to increase the hardness without compromising toughness [4–6].
Accelerated cooling can be achieved using compressed air, but is
maximised by using water sprays. However, this can lead to undesired
microstructures if water accumulates at cavities in rails with intricate
geometries such as grooves. An alternative is to add certain elements
such as vanadium or chromium with the aim of increasing the hardness,
thus allowing to reduce the carbon content to improve the weldability
of the alloys.
Vanadium, in concentrations as small as 0.1 wt%, can increase the
hardness by 75 HV [7] and the strength by at least 100MPa [8,9], albeit
with some reduction in ductility and impact resistance [10]. Strength-
ening by this method can lead to savings by eliminating the costs of
head-hardening [8]. Literature suggests that the strengthening me-
chanism involves the precipitation of sheets of fine vanadium carbide
platelets at the ferrite/austenite interfaces [8,10–13] (classically known
as interphase precipitation [14,15]). Furthermore, some precipitation
occurs at the prior austenite grain boundaries, thereby preventing the
formation of a continuous network of proeutectoid cementite [16,17].
Apart from consequences on the interlamellar spacing and allo-
triomorphic ferrite, the cooling rate can also influence the dispersion
parameters of vanadium carbides [8].
The aim of this study is to evaluate and compare the effectiveness
that different strengthening approaches have on wear, as well as to
reveal the metallurgical mechanisms by which they operate, in order to
provide a technical guide that indicates which commercial alloys would
allow reductions to the maintenance and life cycle costs of a tramway or
light rail transit installation.
2. Experimental methods
2.1. Material and microstructural characterisation
For this study, one standard rail grade without tailored alloying or
heat treatment (R260) was selected along with two heat-treated grades
(R290GHT and R340GHT, where GHT means groove heat treated), and
two vanadium containing grades manufactured by ArcelorMittal, one
low carbon (R290V) and another high carbon and chromium (B1000).
The composition of the five different grades compared in this study,
listed in Table 1, was obtained through gravimetric analysis in the case
of silicon, a Leco CS230 combustion infrared detection equipment for
carbon and sulphur, and atomic emission spectroscopy for the
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remaining elements. Due to confidentiality issues by the providers of
the steel grades, a range of the actual measured composition of the
tested samples is given in order to understand compositional differences
without showing the exact values.
After cutting cross-sectional slices ~20mm thick of each rail,
smaller samples from the top right hand corner of the thicker rail head,
corresponding to the position for extraction of tensile specimens ac-
cording to EN 14811 [18], were cut for initial microstructural ex-
amination (Fig. 1). Samples were mounted in bakelite, ground, polished
to 0.25 µm, etched in 2% nital, and characterised using a FEI Nova
NanoSEM (scanning electron microscope) to determine the inter-
lamellar spacing and prior austenite grain size, both at the surface and
at the matrix (10mm deep). The true interlamellar spacing was quan-
tified using the stereographic method described in Refs. [19,20] by
obtaining 15 different micrographs, each at a magnification of ×20,000.
Likewise, the prior austenite grain size was determined using stereo-
graphy by analysing 10–15 micrographs for each region obtained at
magnifications of ×200–500, thanks to the presence of allotriomorphic
ferrite that delineates the grain boundaries.
Some samples were then characterised using transmission electron
microscopy (TEM) by cutting a 0.5 mm thick slices which were then
coated with silver paste, followed by slicing into 3mm diameter discs
using spark erosion. They were then ground to a thickness of ~50 µm
using silicon carbide paper, for electropolishing using a Struers TenuPol
5 twin-jet polishing machine and a solution of 80% ethanol, 15% gly-
cerol, and 5% perchloric acid at 20.5 V and 5 to 5 C. TEM samples
were charaterised in a FEI Tecnai Osiris microscope, with energy dis-
persive X-ray spectroscopy (EDS) in scanning electron transmission
microscopy (STEM) mode using a high-angle annular dark field
(HAADF) detector and FEI Super-X system employing 4 Bruker silicon
drift EDS detectors at 200 kV of accelerating voltage.
The rolling surface hardness was determined as described in EN ISO
6506–1 [21] by machining 5mm off the rail head and indenting it with
a Brinell tungsten carbide sphere of 2.5 mm in diameter and a load of
1.839 kN applied during 15 s. The cross-sectional hardness was also
determined both at the sub-surface and 10mm deep, referred to as
‘matrix’, using an automatic Qness Q30 A + by indenting ten times with
a 30 kg (HB30) load and a dwell time of 15 s. The hardness of the ce-
mentite in samples R290V and R290GHT was measured by micro-
indentation using a force of 5mN (0.5 g) after having spheroidised both
samples at 680 C for 72 h.
2.2. Twin-disc wear testing
Twin disc samples were obtained from the head of each rail at a
depth of 5mm from the running surface ensuring that the rotational
axes of the discs were normal to the longitudinal axis of the rail (Fig. 1).
Both rail and wheel discs had a diameter of 47mm, a thickness of
10mm, and an initial average surface roughness of<1 µm. Two samples
per steel grade were run all at room temperature using the same wheel
steel with a hardness of 235 HV10 (R7, Table 1). All wear samples were
run dry for 100,000 cycles, a load of 750MPa (1.25 kN), a slip of 2%,
and rotated at 400 rpm. The tests were interrupted at 10,000, 25,000,
and 50,000 cycles in order to determine weight loss. Rolling contact
fatigue tests were not conducted since the predominant damage
mechanism in grooved rails is wear, because of the low speeds, frequent
braking and acceleration, and low curvature radius of tramways. The
custom-made twin disc test rig has two motors to individually activate
the rail and the wheel discs, a transducer on the rail-disc axis to de-
termine the friction coefficient between the discs, and a hydraulic
piston that can apply a force of up to 15 kN between both discs.
3. Results and discussion
3.1. Microstructural characterisation
The results of rolling surface hardness (HB187.5), cross sectional
hardness (HB30), prior austenite grain size and true interlamellar spa-
cing, are presented in Table 2. For reference, experimental values of
ultimate tensile strength (UTS) and elongation of grades R290V and
B1000 are presented as well as the minimum values of the norm (EN
14811 [18]) for all other grades.
The values of cross-sectional sub-surface hardness for the air cooled
samples (R260, R290V, and B1000) are comparable to those of the
matrix (10mm deep), whereas they are slightly lower than the matrix
in the rapidly cooled samples, R290GHT and R340GHT, possibly due to
mild decarburisation of the latter. Nevertheless, the cross sectional
hardness values of the heat treated samples are more uniform, espe-
cially at the rail head. Rolling surface hardness values are up to 10%
greater than those in the cross section, most likely due to the grain
shape anisotropy caused by rolling and the asymmetry of cross sectional
sub-surface hardness indents performed close to an edge that can lead
to inaccurate measurements.
The austenite grain size depends not only on the reheating tem-
perature and time but also on the temperature and deformation ratio of
each rolling pass. The prior austenite grain size will in turn control the
Table 1
Chemical composition of the grooved rails studied, wt%.
Grade C Mn Si Cr V P S H2
R260 0.62–0.80 0.70–1.20 0.15–0.58 <0.15 – <0.02 <0.02 <0.00025
R290V 0.45–0.58 1.00–1.25 0.15–0.58 <0.15 0.08–0.20 <0.02 <0.02 <0.00025
R290GHT 0.40–0.55 0.70–1.25 0.15–0.58 <0.15 – <0.02 <0.02 <0.00020
R340GHT 0.62–0.80 0.70–1.20 0.15–0.58 <0.15 – <0.02 <0.02 <0.00020
B1000 0.65–0.85 0.90–1.30 0.15–0.58 0.20–0.80 0.05–0.15 <0.02 <0.02 <0.00025
Wheel R7 0.51 0.79 0.31 0.15 0.004 0.010 0.002 –
Fig. 1. Schematic of the position where metallographic and twin disc samples
were extracted from the grooved rail head.
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number density of nucleation sites during the pearlitic transformation,
thus influencing the interlamellar spacing, and consequently, the
hardness. In all grades, the prior austenite grains at the sub-surface
were smaller than in the matrix (10mm deep) due to the higher de-
formation ratios experienced at the surface than in the centre of the rail
head. Matrix prior austenite grain sizes seem to be comparable amongst
all grades, indicating that the role of vanadium here is not that of a
grain refiner.
A smaller austenite grain size, should, by enhancing the nucleation
rate, raise the pearlite transformation temperature, leading to a coarser
interlamellar spacing. However, the faster cooling at the surface, more
than compensates for this effect, leading to a finer interlamellar spacing
at the sub-surface compared with the matrix. It is worth noting that
similar values of interlamellar spacing to those achieved with ac-
celerated cooling can be replicated under standard air cooling by ade-
quate alloying with chromium and silicon as is the case of B1000.
In the context of chemical composition, a small increase in carbon
content (R290GHT vs R340GHT) significantly increases hardness, al-
though problems with weldability and proeutectoid cementite may
arise in the absence of enhanced silicon concentrations or the appli-
cation of accelerated cooling [22,23]. To avoid this, alloying with
elements such as vanadium can help achieve a high hardness at a lower
carbon concentration as seen by comparing the hardness and V content
of R290V against R260. Further hardness can be achieved by the ad-
dition of manganese as a ferrite strengthener, silicon to suppress
proeutectoid cementite formation [24], and chromium to increase the
equilibrium transformation temperature1 as is the case for B1000,
without the need to incorporate accelerated cooling.
To reveal the hardening mechanism of vanadium, having discarded
its role as a grain refiner, TEM was conducted on R290V at 10mm from
the running surface with the intention of finding a fine distribution of
vanadium carbides in the ferrite within the pearlite. As Fig. 2 shows,
vanadium carbides could not be found. Interestingly, a fine distribution
of copper sulphide (CuS) precipitates was found instead, which al-
though have the right size to provide precipitation strengthening, may
not be present in large enough quantities for a macroscopic effect to be
felt, due to the low concentration of Cu (0.02wt%) and S (0.008wt%)
in the alloy. The only regions in which elongated vanadium carbides
were found was in the ferrite allotriomorphs Fig. 3. Parsons and Ed-
monds reported that vanadium carbide precipitation was easily found
in the proeutectoid ferrite, but occurred less frequently in the pearlitic
ferrite [10]. Pickering and Garbarz also found a lack of interphase
precipitation in samples isothermally transformed to pearlite and con-
cluded that vanadium hardening precipitates can often not be present
until after an additional aging treatment due to the unavailability of C
and N dissolved in the pearlitic ferrite [7].
Dunlop et al. reported that during slow transformation to pearlite,
vanadium has time to partition and dissolve into the growing ce-
mentite, leaving precipitate-free zones around the cementite lamellae.
In rapidly cooled samples, vanadium carbides do precipitate at the in-
terfaces between the cementite lamellae and the ferritic pearlite, but
precipitate-free zones can be present too, either because the precipitates
are too fine or most likely, due to the transformation proceeding too
rapidly for precipitation to take place leaving the vanadium in solid
solution [8]. After aging the rapidly cooled sample at 700 C for 3 h, a
large dispersion of vanadium carbides precipitated in the ferritic com-
ponent of pearlite, leading to the conclusion that neither fast nor slow
coolings are ideal, but an intermediate rate is optimum in order to
maximise the vanadium carbide precipitation strengthening of ferrite.
This work was confirmed by von den Steinen et al. who found that 90%
of the vanadium can remain in solid solution in the ferrite if an alloy is
rapidly cooled to pearlite, resulting in 5% proeutectoid ferrite, whereas
only 50% of the vanadium remained in solution if the alloy was cooled
slowly resulting in a mixture of pearlite and 10% proeutectoid ferrite
[9]. A simple thermodynamic simulation using the Thermo-Calc Soft-
ware TCFE9 Steels/Fe-alloys database [26] indicates that indeed under
equilibrium conditions ( slow cooling), vanadium partitions pre-
ferentially to the cementite around 600–700 C (Fig. 4). Fig. 2 shows
that only small residual precipitates are left behind at the centre of the
pearlitic ferrite.
Vanadium enrichment of cementite slightly reduces its hardness,
but enhances its fracture toughness [27]. Others have concluded that
vanadium (and Ti, Nb), make cementite more stable relative to its
unalloyed form by decreasing the carbon-dislocation interaction and
strengthening of the bonds in the cementite lattice, both of which in-
crease the stability of cementite and its resistance to dissolution upon
the deformation imposed by wear [24,28,29]. Other elements such as
Mn, Cr, and B have been found to increase the hardness and stability of
cementite, as opposed to Si, Co, and Ni, which decrease it [30]. In order
to confirm the alleged change in mechanical properties of vanadium
containing cementite compared to conventional cementite, micro-
indentation was performed after spheroidising samples of R290V and
R290GHT in a dilatometer at 680 C for 72 h in order to create larger
carbides easier to indent. The results shown in Table 3 confirm the
reduction in hardness of vanadium alloyed cementite, which should
increase toughness and the resistance of cementite to deformation-in-
duced dissolution.
3.2. Twin disc wear testing
The results of twin disc wear testing are presented in Fig. 5. It is
worth noting that the wear rates of the wheel discs (Fig. 5) are ap-
proximately proportional to the hardness of the rail disc as found by
other authors in cases of early stages of wear and constant slip [31–33].
Furthermore, the total average wear rate of the system remains more or
less constant between 12 and 13mg kcycle 1, with the exception of the
R290GHT-R7 system, confirming the findings of Markov, who pointed
out that the total wear rate is relatively independent of hardness under
Table 2
Microstructural data showing average values and standard error with a 95% confidence interval. Matrix values were collected from 10mm deep and sub-surface data
from just below the surface in case of the prior austenite grain size (PAGS) and interlamellar spacing (ILS), but 0.5mm deep in the case of hardness. The values of
prior austenite grain size missing from the table correspond to those samples which did not contain allotriomorphic ferrite decorating the austenite grain boundaries.
Grade Hardness/HB187.5 Cross-section hardness/HB30 PAGS/ µm True ILS/nm UTS/MPa Elongation/%
rolling surface sub-surface matrix sub-surface matrix sub-surface matrix min. min.
R260 276±2 267±6 265±3 57±4 71±5 227±38 262±38 880 10
R290V 312±6 299±12 299±3 51±2 70±3 197±32 207±29 960 10
R290GHT 308±2 292±2 299±1 48±2 75±6 135±19 162±32 960 10
R340GHT 356±3 344±5 353±2 45±2 – 125±18 119±17 1175 9
B1000 353±8 330±6 322±3 39±2 – 129±20 193±37 1080 9
1 The equilibrium transformation temperature increases 1 ∘C per 0.1wt% of Cr
and 2.4 ∘C for each 0.1wt% of Si in a 0.8wt% C steel [25], which raises the amount
of supercooling with respect to the pearlite transformation-start temperature, thus
refining the interlamellar spacing and increasing the hardness.
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mild wear conditions (slip below 5%) because the fatigue component
redistributes plastic deformation at the surface of the discs.
The most interesting observation is that at identical hardness, but a
coarser interlamellar spacing, R290V shows less than half the wear rate
of its counterpart, R290GHT. Nevertheless, both the weldability,2 based
on the carbon equivalent (Table 4), and wear rate of the wheel disc are
comparable for both steels. As discussed in the previous section, va-
nadium was not found to refine the prior austenite grain size or create a
high density of fine precipitates in the pearlitic ferrite, thus suggesting
that it is the higher toughness and stability of the cementite containing
vanadium that is responsible of this high wear resistance of R290V
compared to the unalloyed cementite in R290GHT. The high carbon
alloys, B1000 and R340GHT, show comparable values of rail and wheel
wear rates, since their rolling-surface hardness and sub-surface inter-
lamellar spacing are similar. They both offer a somewhat higher wear
resistance than R290V, but roughly a threefold improvement with re-
spect to R290GHT; the only caveat being their reduced weldability.
This is important because high wear-resistance grades are not used for
the whole tramway but in specific locations such as tight curves or
shallow curves/tangent track, where vertical wear is dominant, thus
necessitating of easy welding and repair protocols.
To analyse the influence of the other solutes, different wear rate
equations were used to interpret the data of this study [2,3]. The results
indicate that the current rail wear data correlate more accurately to
chemical composition than to the interlamellar spacing or mean free
path in ferrite, thus explaining the 2.3 times lower wear rate of R290V
than R290GHT despite a larger interlamellar spacing [2,3]. The che-
mical composition model for wear rate based on the amounts of C, Mn,
and Si of an alloy, predicts accurately the lowest wear rates for B1000
and R340GHT and the highest for R290GHT, with R260 and R290V in
Fig. 2. HAADF micrograph of lamellar pearlite in R290V and associated EDX elemental maps of the area marked by a red rectangle (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
Fig. 3. HAADF micrograph of a proeutectoid ferrite region in R290V and associated EDX elemental maps of the area marked by a red rectangle (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)
2 A separate study dedicated to the weldability of these alloys is being
prepared.
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the middle range. Instead, equations that correlate wear rate to either
the mean true interlamellar spacing or ferrite free mean path, fail to
replicate the high wear rates of R290GHT, whilst giving instead high
values of wear for R260 and R290V.3 These results do not imply that
the chemical composition has a greater influence on wear that hard-
ness, but attempt to understand which other factor, composition or heat
treatment, plays a greater role in improving the wear resistance beyond
a base level imparted by a certain hardness.
A summary of the average rail wear values and standard errors with
a 95% confidence interval along with a schematic of wear resistance
and perceived weldability based on carbon equivalent4 for the alloys
studied here is presented in Table 4, where * is the lowest and *** for
the highest, along with an overall score ranging from 1 to 6, where 1 is
the lowest and 6 the highest possible score based on the sum of these
two parameters only. It is worth pointing out that the ranking is a rough
guide of the balance between wear and weldability and does not take
into account other life cycle costs or resistance to other damage me-
chanisms.
4. Conclusions
The following conclusions can be drawn for the evidence presented:
• R290V displays less than half the wear rate of an alloy with similar
hardness, R290GHT, despite having a higher true interlamellar
spacing. For the specific rolling and cooling conditions of the alloys
studied in this work, vanadium does not seem to play a role as a
grain refiner. Instead, the higher toughness and stability of the ce-
mentite enhanced with vanadium is thought to be responsible of the
2.3 higher wear resistance of R290V compared to R290GHT, con-
taining regular cementite. Such improvement of wear rate resistance
in R290V could reduce by more than half the maintenance and life
cycle costs of a tramway compared to R290GHT or by approxi-
mately a third when compared against standard R260 steel.• According to microscopical observations and thermodynamic si-
mulations, the mechanism by which vanadium enhances the wear
behaviour of pearlite in R290V is revealed. It consists of vanadium
enrichment of the cementite lamellae by partitioning into the iron
carbide during the pearlitic transformation, product of the cooling
conditions after rolling.• By precise alloying with the right amounts of C, Cr, and V, the alloy
B1000 achieves comparable values of hardness, prior austenite grain
size, true interlamellar spacing, and wear rate (of both the rail and
wheel discs) as the high carbon head hardened (fast cooled) alloy
R340GHT.
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